ABSTRACT Ants use a variety of navigational mechanisms in homing, including pheromone trails, landmarks, compasses, and visual "snapshots" of the landscape. In many cases, an ant has more than one of these information types available and may give priority to one mechanism over the others. We investigated how the ant Formica podzolica Francoeur makes use of polarized light during the initial stages of homing. When ants were displaced to an unfamiliar area, they spent signiÞcantly more time in the 90Њ arc centered on their perception of the direction to the nest. This preference was eliminated by modifying the antsÕ view of the sky with a polarizing Þlter, suggesting that F. podzolica use polarized light information. However, the displacements also showed that the ants make use of nest-speciÞc information (possibly landmarks or snapshot matching) to recalibrate their homeward paths. When confronted with incompatible orientation information from polarized light in the sky and landmarks, the ant seems to reorient using landmarks, overriding the information from polarized light.
When and how do animals integrate multiple sources of information when navigating? We explore the transition between the use of compass information and landscape information in the homing behavior of displaced foragers in a subalpine ant, Formica podzolica Francoeur. Fukushi (2001) and Fukushi and Wehner (2004) recently argued that in a similar species, Formica japonica Matschoulsky, foragers use the landscape panorama as their primary information source, rather than skylight cues, in their homeward orientation. However, the results of Fukushi (2001) and Fukushi and Wehner (2004) , and our preliminary observations of F. podzolica foraging make it clear that the use of the landscape panorama did not explain the very initial steps in reorientation by an ant searching for its nest; consequently we decided to revisit the issue of the use of skylight cues by ants in this genus.
Ants can use a variety of navigational tools. Path integration (Wehner 2003) allows ants to integrate the direction and distance of their outbound trip to determine the most direct route back to the nest. Compass orientation, using skylight cues based the location of the sun and polarized light vectors (Wehner 2003) , is also quite important in many ants and is critical in path integration. These skylight cues help to determine navigational direction Varju 2004, Horvath and Wehner 1999; Akesson and Wehner 2002; Sommer and Wehner 2005) , and some species use polarized light vectors to calibrate their path integration systems (Duelli and Wehner 1973) . Recently an ingenious experiment provided direct support for the idea that Cataglyphis fortis workers count strides to determine distance traveled (Wittlinger et al. 2006) . Cataglyphis ants use polarized light patterns as their primary and most precise resource for establishing angular movement in path integration when their view of the sun is blocked (Wehner et al. 1996) .
A particular challenge arises for ants that have lost their way; under natural circumstances, this may happen if an ant falls from a perch or is displaced by a potential predator. Experimentally, it is easy to mimic such occurrences. An ant typically responds to displacement by using a search spiral of ever-increasing loops in which it repeatedly returns to the origin (Wehner and Srinivasan 1981, Mü ller and Wehner 1994) . During this search, the ant likely Þnds landmarks that are used as beacons (McLeman et al. 2002) or is able to use snapshot matching of landmarks with a learned internal reference system (Wehner et al. 1996; Collett et al. 1998 Collett et al. , 2007 Bisch-Knaden and Wehner 2003 , Durier et al. 2003 , Graham et al. 2004 Narendra 2007) to reestablish its course.
The F. japonica workers use cues of the canopy skyline to Þnd their way home (Fukushi 2001) . Fukushi (2001) deprived ants of all familiar landmark and skyline cues by displacing them to a rooftop. The confused ants walked toward the "Þctive nest"Ñthis is the compass direction that would take the ant home if the worker had not been displacedÑfor short distances and then became disoriented. Elegant experiments by Fukushi (2001) support the hypothesis that F. japonica workers use a snapshot matching strategy based on the distant skyline as their primary orienta-tion device. One interesting question that remains is how the ants are able to initially move in the correct direction in the absence of familiar landmarks. One possibility is that these ants use skylight cues to determine their initial orientation, and then they switch to snapshot cues. To test this hypothesis, we investigated the navigational strategies in the initial stages of orientation of the ant Formica podzolica, a congener of the study species of Fukushi (2001) study species.
Methods and Materials
We conducted this experiment with ants from Þve different colonies of Formica podzolica at the University of Colorado Mountain Research Station, 40.032Њ N, 105.533Њ W, which is located near Ward, CO. F. podzolica occurs in subalpine regions, roadsides, meadows, and forests throughout the Rocky Mountain region of North America (Bennett 1987) . Foragers of this species primarily scavenge dead arthropods and collect honeydew from aphids. Foraging ranges extend 5Ð10 m from the colony, and foragers are typically solitary, although recruitment can occur to rich food resources. Colonies were located in subalpine forest dominated by lodgepole pine, Pinus contorta Dougl. ex Loud. Trials were run between 0800 hours and 1630 hours, local time, during July and August, and they were performed only when at least a patch of blue sky was visible.
Displacement Experiments. Two types of displacements were performed. In one type, ants were moved within their normal foraging range near their nest; and in the other type, ants were moved to an area that was gridded at least 50 m from their normal foraging range. In the Þrst, foraging ants were baited with cookie crumbs 2.0 m from the nest. Once the ant had a Þrm grasp of the crumb and started walking in the direction of its nest, it was captured in a light-tight plastic vial. The use of food as a trigger for homeward orientation was a key component of the experiment; once ants have food, they move directly to their nest. For displacement controls in the vicinity of the nest, the light-tight vial was transported 2.0 m; the ant was then returned to its original position. For displacement experiments, the vial was also light-tight and the ants were moved 5.0 m longtitudinallyÑalong an axis which intersects the nest locationÑ or laterallyÑ 5.0 m along a line drawn at a 90Њ angle to the longitudinal line. Ants were held in vials for no longer than 5 min. For the displacements to the grid, the ants were displaced to a small clearing with a 3-by 3-m grid marked with string on the forest ßoor. (This was used as the displacement grid in all subsequent experiments.)
After each ant was released from the vial, the ant was observed for 5 min, and its path was marked by laying red numbered poker chips every 10 s behind the traveling ant. The path was then transcribed and distance traveled and initial direction taken by the ant were noted, direction being recorded to the nearest compass degree. Following Fukushi (2001) , we term the direction that would take the ant to its nest, had it not been displaced, the "Þctive" nest heading or direction.
Polarized Light Experiments. Foraging ants were given cookies crumbs in the same manner as in the displacement experiments. They were then displaced to the middle of the grid. From the time of release the sky was obscured at all times by a square polarizing Þlter frame (0.4 by 0.4 by 0.10 m); the frame was moved as the ant moved, so that the ant was in the center of the area of Þltered light. Movement paths were monitored as before with the numbered poker chips. For the control runs, the same method was used, except the polarizing Þlter Þlm was removed from the frame.
Our key hypothesis was that treatments would result in random orientation, whereas in controls ants would orient to their nest. To test this, the paths were divided into sectors with the origin being the initial location of the ant. The "nest" sector was the 90Њ centered on the direction that would have led back to the nest, had the ant not been dislocated. Statistical tests were performed following Batschelet (1981) , who provides techniques for calculating descriptive statistics (angular mean and standard deviation) from circular data. Chi-square tests (Batschelet 1981 , section 4.8) were performed to test the goodness-of-Þt between random models of orientation and observed distributions. The WatsonÐWilliams test (Batschelet 1981 , section 6.2) was used to compare mean angles between experimental treatments. ANOVAs, with TukeyÕs a posteriori comparisons, were used to compare the time spent in each sector. Statistical calculations were performed using Excel (Microsft, Redmond, WA) and the chi-square and analysis of variance (ANOVA) functions in the Systat statistical package (Systat Software, Inc., San Jose, CA).
Results
Ants displaced near their nest and to the displacement grid both initially moved in the same direction as their previous homeward trip. Ants displaced near their nest longitudinally (i.e., nearer to or further away from the nest on a line projecting from the nest) easily maintained their orientation on that axis, which took them directly toward or away from their nest (Fig. 1A  and B ). There was no statistical difference between angular orientation between the initial and Þnal orientation directions in the longitudinal displacements (WatsonÐWilliams test: F ϭ 0.33; df ϭ 1, 31; N.S.). Some of the ants displaced near their nest laterally seemed to initially orient on the axis that would take them to the "Þctive" nest location, but again there was no signiÞcant difference in angular orientation between initial and Þnal directions ( Fig. 1C and D ; WatsonÐWilliams test: F ϭ 0.61; df ϭ 1, 33; N.S.).
Ants displaced to a grid distant from their nest moved in a straight path, typically in the direction of the Þctive nest, for a short distance ( Fig. 2A) , and then switched to a search spiral. The ants spent signiÞcantly more time in the Þctive nest sector than the other sectors (ANOVA: F ϭ 9.82; df ϭ 3, 92; P Ͻ 0.0001 and TukeyÕs post hoc pairwise test between selected variables, P Ͻ 0.001), and the angular mean differed signiÞcantly among the three times ( Fig. 2B and C; WatsonÐWilliams test: F ϭ 45.45; df ϭ 2, 57; P Ͻ 0.001). During the 5 min the patterns of movement directions changes drastically; particularly the clustering of points about the Þctive nest position was eliminated as the search progresses. The polarizing Þlter eliminated the tendency for ants to orient to the nest sector when displaced ( Figs. 3A and B ; TukeyÕs post hoc pairwise test, P Ն 0.5), but the controls displayed a strong bias to the Þctive nest sector ( Fig. 3A and B ; TukeyÕs post hoc pairwise test, P Ͻ 0.001). There was a signiÞcant difference in sector choice between the replicates with the polarizing Þlter and the controls ( 2 ϭ 18.57, df ϭ 7, P Ͻ 0.0001) and in mean angular orientation (WatsonÐWilliams test: F ϭ 4.65; df ϭ 1, 53; P Ͻ 0.05).
Discussion
Our results strongly support the use of polarized light as a skylight cue for nest-bound navigation in the ant F. podzolica in the initial stages of orientation when an ant is in an unfamiliar context. But the fact that laterally displaced ants or ants that have been removed from the vicinity of their nest quickly abandon this In diagrams AÐD, the arrow RN indicates the real nest direction, i.e., the direction the ant would have needed to move to return to its nest if it had not been displaced. In diagrams C and D, the arrow FN indicates the Þctive nest location, i.e., the direction the ant would need to move to Þnd its nest, had it not been moved. All directions were normalized so the Þctive or real nest location is at the top of the diagram. Some ants initially orient to the Þctive nest direction in the lateral displacements. The sample size (N), angular mean, and angular deviation are indicated in the Figure. In the longitudinal displacements ants from Þve colonies were used; four from each of two colonies, three from two colonies, and two from the remaining colony. In the lateral displacements four ants came from each of four colonies and two ants from the remaining colony. The angular means are denoted in the Þgure by the open arrows.
orientation is consistent with the argument of Fukushi (2001) and Fukushi and Wehner (2004) for the use of panoramic cues. Apparently, when an ant encounters incompatible navigational information it attempts to replace the use of polarized light with landscape (panoramic) cues after an initial orientation period. Thus, polarized light cues are used as guides by F. podzolica workers when setting their initial course in nestbound navigation; it seems that this guide is overridden once the ants process that they are no longer in the same position. The actual key to this change is unclear, but an incompatible snapshot match is the most likely possibility (Fukushi 2001, Fukushi and Wehner 2004) .
Although olfactory cues cannot be ruled out as the nest-speciÞc orientation information, the displacement of ants, particularly to grids distant from their nests, precludes the use of chemical trails. Thus, olfactory orientation would have to rely on scents emanating from the nest itself; the orientation differences between longitudinally and laterally displaced ants argues against the use of this type of cue. Our experiments also do not address the potential importance of magnetic Þeld cues in orientation, but the loss of vector-based orientation by ants under the polarizing Þlter argues against a signiÞcant role for magnetic Þelds in establishing orientation vectors for this species in this context. Gould (2004) suggests that navigation-dependent animals do not have the freedom of relying on a single mechanism (see also Mü ller and Wehner, 2007) . Rather, they need to have access to multiple options from which they can call upon the best one for the particular situation in which they Þnd themselves. These experiments support this view of navigation because F. podzolica exploits the redundancies in its navigational system by prioritizing different environmental cues depending on which one is most useful at the moment.
